Abstract. Four years of tropospheric integrated content of CO were retrieved from infrared hyperspectral observations of AIRS onboard Aqua and IASI onboard MetOp-A, for the period July 2007-June 2011. The retrieval method is based on a double differential approach that relies on the difference between brightness temperatures observed by the sounder and BT simulated by the Automatised Atmospheric Absorption Atlas (4A) radiative transfer model on colocated ECMWF reanalyses, for several couples of channels located in the 4.67 µm CO band. AIRS and IASI give access to similar integrated contents of CO with a maximum sensitivity near 450 hPa and a half-height width of the weighting function between 200 and 750 hPa depending on the thermal contrast (i.e., the difference between the surface temperature and the temperature of the first pressure level). However, differences in their spectral and radiometric characteristics yield differences in the retrieval characteristics with AIRS selected couples of channels being more sensitive to surface characteristics. Moreover, IASI covers the whole CO absorption band, with a 3 times better spectral resolution, giving access to channels presenting a 3 times higher signal to noise ratio. This results in a better precision and lower standard deviation of the IASI retrievals. Conservatively, comparisons with CARIBIC aircraft measurements yield an averaged relative difference of 3.4 % for IASI and 4.9 % for AIRS. On average, AIRS and IASI retrievals are in very good agreement, showing the same seasonality, seasonal amplitudes, interannual variability and spatial distribution. The analysis of the monthly evolution of CO particularly highlights the expected strong influence of biomass burning on the evolution of CO in several tropical regions. In particular, a sharp increase in CO in
Introduction
Tropospheric carbon monoxide (CO) is produced by the combustion of fossil fuel, biomass burning and the oxidation of biogenic hydrocarbons and methane. At northern midlatitudes, the main source is fossil fuel combustion, while in the tropics the three other sources prevail. Its removal by OH makes CO an important gas by indirectly influencing greenhouse gases which reacts with OH, such as CH 4 and halocarbons, and by playing a role in the production of CO 2 and O 3 , which is an air pollutant. CO has a lifetime ranging from 10 days in the tropics in summer to more than a year over the poles in winter. Thanks to its relatively long atmospheric lifetime, CO also serves as a tracer of long-range transport of pollution, and plays a key role in the understanding of the biomass burning issue. For all these reasons, an accurate monitoring of CO is essential to better understand the spatiotemporal variability of CO sources and sinks (Holloway et al., 2000; Duncan et al., 2007) .
Ground-based accurate measurements of CO are available (e.g., from the World Data Center for Greenhouse Gases; WMO, 2009 ), but they are quite sparse, and mainly concentrated in Europe and North America. Aircraft measurements Published by Copernicus Publications on behalf of the European Geosciences Union.
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also provide data on CO (e.g., the MOZAIC, CARIBIC and CONTRAIL programmes; Nedelec et al., 2003; Brenninkmeijer et al., 2007; Machida et al., 2008) , but are limited in time and space. As a consequence, CO observations from space have been used in recent years to get a global coverage. The first space borne instrument to monitor CO was the Measurement Atmospheric Pollution from Space (MAPS), which flew onboard the Space Shuttle for a few days in 1981 , 1984 and 1994 (Reichle Jr. et al., 1999 . It was followed by the Interferometric Monitor for Greenhouse gases instrument (IMG) that operated between October 1996 and June 1997 (Clerbaux et al., 1999) . Over the past decade, several nadir viewing instruments have been measuring tropospheric CO with a greater spatial and temporal coverage, including the Measurements of Pollution in the Troposphere instrument (MOPITT, launched in March 2000; Deeter et al., 2003 Deeter et al., , 2009 , the Atmospheric Infrared Sounder (AIRS, launched in May 2002; McMillan et al., 2005) , the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY, launched in March 2002; Buchwitz et al., 2004; Frankenberg et al., 2005; de Laat et al., 2006) and the Tropospheric Emission Spectrometer (TES, launched in July 2004; Rinsland et al., 2006) . With the exception of SCIAMACHY, which measures the scattered, reflected and transmitted near-infrared solar radiation, giving access to the full CO column, these instruments are thermal infrared sounders, thus, mostly sensitive to CO in the midtroposphere. These instruments have stressed the great value of infrared observation of CO from space, by providing a better constraint on top-down flux inversions (e.g., Kopacz et al., 2010; Fortems-Cheiney et al., 2011) , and by giving valuable information on specific signals such as fire emissions (Edwards et al., 2004; Yurganov et al., 2008) , pollution events (Turquety et al., 2008) or the impact of El Niño (Rinsland et al., 2008) .
With its 8461 channels covering most of the infrared spectrum at a very high resolution, the Infrared Sounding Interferometer (IASI) was launched in October 2006 onboard the European MetOp-A platform, and is operational since July 2007. Like the AIRS instrument, it has been designed to provide water vapour and temperature soundings for operational meteorology, as well as to observe simultaneously the most important trace gases (e.g., H 2 O, CO 2 , N 2 O, CO, CH 4 , O 3 , SO 2 , H 2 S, NH 3 , HNO 3 , VOCs; Hilton et al., 2012) . Some studies have already highlighted the suitability of IASI to measure CO from space George et al., 2009; Illingworth et al., 2011) . These studies presented retrievals of CO based on optimal estimation techniques. Here, we use an alternative approach for the retrieval of a tropospheric integrated content of CO, that relies on differences between simulated and observed radiances from selected couples of AIRS and IASI channels, chosen to enhance the CO signature in the radiances, and that allows us to study the characteristics of the retrieved CO stemming from the spectral and radiometric characteristics of the sounders.
Our study focuses on the tropics, where strong fire CO emissions are located, because the detection mask for clouds and aerosols that was used at the time of this study was only available for this region. Section 2 describes the data and modelling tools used in the retrieval process. Section 3 presents the study of the sensitivities of AIRS and IASI channels to CO and other atmospheric and surface variables. Section 4 describes the method used to retrieve CO. Section 5 presents the results, comparisons with CARIBIC measurements and analysis of the retrieved CO in terms of geographic distribution and monthly evolution in light of fire activity and climate indexes. Section 6 concludes this study.
Data and models

AIRS
The Atmospheric Infrared Sounder (AIRS) is a polarorbiting nadir-viewing instrument. It was launched onboard the Aqua satellite in May 2002, and is operational since September 2002. With its 2378 channels, its spectral domain ranges from 650 cm −1 to 2665 cm −1 (15.4 µm and 3.8 µm), with a resolving power (λ/ λ) of 1200 (i.e., a spectral resolution ranging from 0.5 cm −1 to 2 cm −1 ). This domain is divided into three spectral bands, from 650 to 1135 cm −1 , from 1215 to 1615 cm −1 and from 2180 to 2665 cm −1 . AIRS cross-track scanning is 1650 km and covers 70 % of the earth every day. The instantaneous field of view (IFOV) is sampled by 3 × 3 circular pixels whose ground resolution is 13 km at nadir. In this study, use is made of the Version 5 Level 1b data (available at: http://mirador.gsfc.nasa.gov/). Also flying onboard Aqua, the Advanced Microwave Sounding Unit (AMSU) observations are used in this study for cloud detection.
IASI
The Infrared Atmospheric Sounding Interferometer (IASI) is a high resolution Fourier Transform Spectrometer based on a Michelson Interferometer coupled to an integrated imaging system that measures infrared radiation emitted from the Earth. Developed by the Center National d'Etudes Spatiales (CNES) in collaboration with the European Organisation for the Exploitation of Meteorological Satellites (EUMET-SAT), IASI was launched in October 2006 onboard the polarorbiting Meteorological Operational Platform (MetOp-A), and is operational since July 2007. IASI provides 8461 spectral samples, ranging from 645 cm −1 to 2760 cm −1 (15.5 µm and 3.6 µm), with a spectral sampling of 0.25 cm −1 , and a spectral resolution of 0.5 cm −1 after apodisation ("Level 1c" spectra). IASI is an across track scanning system, whose swath width is of 2200 km, allowing global coverage twice a day. The IFOV is sampled by 2 × 2 circular pixels whose ground resolution is 12 km at nadir. In this study, use is made of the Level 1c data (available at the Ether Center 
CARIBIC
CARIBIC (Civil Aircraft for the Regular Investigation of the Atmosphere Based on an Instrument Container) is a longterm scientific project conducting measurements of trace gases and aerosol particles in the upper troposphere and lowermost stratosphere (Brenninkmeijer et al., 2007) . A comprehensive package of 18 individual instruments housed inside a 1.5 t air freight container is regularly loaded into a Lufthansa A340-600 passenger aircraft equipped with a specially designed air inlet. Measurement flights are performed over 2-4 consecutive days once per month during regular flights. Routine deployment of the current system started in May 2005 and is ongoing. The instrumentation includes an in situ analyser for continuous measurements of CO based on a commercial ultraviolet fluorescence instrument (Aero-Laser, AL 5002) which has been modified for use onboard aircraft (Scharffe et al., 2012) . The instrument achieves a precision of 1-2 ppbv, the time resolution is 1 s. Calibration is in-flight every 25 min. Most measurements take place at cruise altitudes around 9-12 km, and data collected during ascent and descent were not used in this study.
The 4A fast line-by-line radiative transfer model
The radiative transfer simulations used in this study are performed by the 4A (Automatised Atmospheric Absorption Atlas) fast and accurate line-by-line radiative transfer model (Scott and Chédin, 1981 ; http://ara.abct.lmd.polytechnique. fr/). 4A is developed and maintained at the Laboratoire de Météorologie Dynamique. It has been made operational (OP) in cooperation with the French company Noveltis (see http://www.noveltis.net/4AOP/ for a description of 4AOP). 4A allows fast computation of the transmittance of a discrete atmosphere along the vertical at a very high spectral resolution (5 × 10 −4 cm −1 for this study) as well as the Jacobians (Chéruy et al., 1995) (with respect to temperature, mixing ratios and surface temperature and emissivity) for a user-defined observation level. It relies on comprehensive atlases of monochromatic optical thicknesses for up to 43 atmospheric molecular species. The atlases were created by using the line-by-line and layer-by-layer model STRANSAC (Scott, 1974) 
TIGR
The selection of AIRS and IASI channels presented in Sect. 4.1 is based on the TIGR (Thermodynamical Initial Guess Retrieval) atmospheric and radiative database (Chédin et al., 1985; Chevallier et al., 1998) For all TIGR situations, the noise due to the instrument is computed using the following equation:
where NE T is the equivalent noise temperature taken at the brightness temperature BT, of the channel frequency υ, and B is the radiance. The 4.67 µm CO absorption band is located from about 2080 cm −1 to about 2200 cm −1 . Here we focus our analysis on the domain located from 2160 cm −1 (4.63 µm) to 2200 cm −1 (4.55 µm), where the strongest sensitivities to CO are found. Unlike IASI, AIRS spectral domain does not cover completely the CO absorption band, since AIRS third spectral band begins at 2181.5 cm −1 . In the 4.67 µm region, channels sensitive to CO are also sensitive to other variables that will be referred to as interferences (Crevoisier et al., 2003) : surface temperature (T s ), surface emissivity (ε s ), temperature (T ), water vapour (H 2 O), nitrous oxide (N 2 O) and ozone (O 3 ). For each of the 872 TIGR tropical atmospheric situations, variations of brightness temperature induced by variations of atmospheric and surface variables are computed from the Jacobians: 
BT(T
BT(q gas ) = nl=42 nl=1 ∂BT ∂q gas (nl) × q gaz (nl) for a gas (3) where "nl" is the number of pressure layers. The AIRS and IASI BT variations corresponding to variations of 1 K of temperature, 1 K of T s , 10 % of CO, 20 % of H 2 O, 2 % of N 2 O, 20 % of O 3 and 0.05 of surface emissivity (ε s ), are plotted in Fig. 1a and b.
The difference in spectral resolution between AIRS and IASI is well-seen in Fig. 1 : ∼ 1.8 cm −1 for AIRS at 2190 cm −1 and 0.5 cm −1 for IASI. This difference mostly explains the lower sensitivity of AIRS channels to CO. Moreover, AIRS only gives access to the end of the CO absorption band, which is characterised by lower intensities of the CO absorption lines. Channels located in the CO band are also strongly sensitive to T s and to ε s . Moreover, as the sensitivity to these two surface parameters gets weaker, the sensitivity to temperature and water vapour gets stronger. The sensitivity to N 2 O is about 0.2 K for both AIRS and IASI at the end of the band and the sensitivity to O 3 is quasi-null. The radiometric noise, computed at the BT of the TIGR tropical scenes, is weaker for AIRS (∼ 0.1 K) than for IASI (∼ 0.2 K).
The comparison between the two instruments in terms of their suitability to measure CO in the atmosphere may be done by studying the ratio of the CO signal to the sum of the signals from interference species, including the radiometric noise, hereafter referred to as the STI ratio (for Signal To Interferences ratio) (Crevoisier et al., 2003) . Figure 1c shows that the STI ratio for IASI is about three times greater than for AIRS, which means that the weakness of the AIRS CO signal is not compensated by the weakness of the radiometric noise. High values of the STI ratios, for IASI and AIRS, are not only due to particularly low interferences, but also to relatively high sensitivities to CO, as seen in Fig. 1a and b.
Jacobians
The information about the distribution of the sensitivity along the vertical is given by the CO Jacobians. The averaged Jacobians computed with 4A on the TIGR tropical situations Atmos. Meas. Tech., 5, 2413-2429, 2012
www.atmos-meas-tech.net/5/2413/2012/ are plotted in Fig. 2 for the channels presenting the highest sensitivity to CO (see Fig. 1a and b). The shape of the Jacobians are similar for all these channels, with a maximum at about 450 hPa (∼ 6.5 km), and half the maximum between about 750 (∼ 2.5 km) and 200 hPa (∼ 12 km), with the exception of the channel located at 2162.00 cm −1 , less sensitive to CO near the surface. The AIRS channels are sensitive to CO in the same part of the atmosphere, with a sensitivity almost three times weaker, in agreement with Fig. 1a and b.
As shown by Deeter et al. (2007) for MOPITT, the vertical sensitivity to CO varies especially near the surface with the thermal contrast, which is the difference between the surface temperature and the temperature of the first pressure level. Jacobians in Fig. 2a and b have been computed with no thermal contrast. Figure 2c and d shows the difference between these Jacobians and those computed with a +10 or −10 K thermal contrast. For both instruments, the higher the thermal contrast, the higher the sensitivity to CO in the lower part of the troposphere, particularly near the surface, with an opposite change of the sensitivity in the upper part of the troposphere. Negative and positive thermal contrasts have symmetric effects.
Retrieval method
Description of the method
The retrieval method is based on a double differential approach: a difference of channels and a difference between simulated and observed AIRS/IASI BT. The difference of channels is meant to be only sensitive to CO variations (see below); the corresponding simulations are computed with 4A, based on the description of the state of the atmosphere given by the ECMWF reanalyses and an a priori CO profile. This double differential approach gives access to a signal only due to CO in terms of BT. The corresponding CO mixing ratio (i.e., the difference with the a priori profile) is then computed by taking into account the sensitivity to CO of the selected channels given by the Jacobians. Overall, the retrieval process can be divided into 3 steps.
First, channels to be used in the retrieval process are selected. This selection is based on the study of the sensitivities of the channels (see Sect. 3). Couples of channels having the same sensitivities to every atmospheric and surface variable but CO are selected. The difference between the two channels of each couple is, thus, mostly sensitive to CO and minimises the sensitivity to the interferences. In order to lower the sensitivity to the atmospheric situation, the standard deviation of the differences has also to be minimum over the 872 TIGR tropical situations. Three couples of channels satisfying these criteria have been selected for each instrument. They are given in Tables 1 and 2 together with their characteristics and shown as crosses in Fig. 1 . They are very weakly sensitive to N 2 O, and almost not to O 3 . The radiometric noise for these six channels ranges from 0.09 to 0.13 K for AIRS, with a standard deviation smaller than 0.03 K; for IASI it ranges from 0.19 to 0.23 K, with a standard deviation below 0.05 K.
Second, ECMWF (European Center for Medium-Range Weather Forecasts) ERA-Interim Reanalyses (http://www. ecmwf.int/; Dee et al., 2011) profiles of T , H 2 O and O 3 characterised by a 6 h time resolution and a 0.75 • × 0.75 • space resolution, are colocalised both in time and space to every IASI or AIRS clear-sky FOV and inter/extrapolated on the 4A pressure levels. T s is estimated directly from one IASI or AIRS channel in order to avoid the lag between the closest reanalyses and the IASI or AIRS passing. Use is made of the IASI BT at 2501.75 cm −1 and the AIRS BT at 2616.38 cm −1 (E. Péquignot, personal communication, 2012) . Table 3 shows the characteristics of these two channels. They are characterised by a very high surface transmission. Based on comparisons between simulations and observations, T s is equal to IASI/AIRS BT plus 2 K. Surface emissivity is fixed at 0.98. Based on the spectral variations of ε s retrieved from IASI , ε s does not vary much for the channels used in this study.
Third, T , H 2 O and O 3 profiles, T s and ε s are used as inputs to 4A to simulate BT 4A , for each FOV and each channel. Then we calculate BT as follows:
where channel 1 is the channel sensitive to CO and channel 2 the one which is not sensitive to it. BT is a signal in K, which is, thus, only due to the excess of CO in the troposphere compared to the 4A CO reference profile. This excess of CO is then calculated as follows:
where f is the difference of sensitivity to CO between the two channels of each couple, computed from the Jacobians (Eq. 3), and i is the number of the couple. The retrieval method relies on the concurrent use of 4A model based simulations and observations. Therefore, potential systematic radiative biases between simulations and observations must be removed. They are computed for each channel, by day and by night, by averaging, over the tropics (30 • S, 30 • N) and over the three first years of the operation of IASI (August 2007-July 2010) and over January-October 2008 for AIRS, the difference between simulations and colocated (in time and space) satellite observations. The simulations are performed using 4A with radiosonde measurements from the ARSA (Analysed RadioSounding Archive) database (available at: http://ara. lmd.polytechnique.fr/) as inputs. The radiative biases are added to BT 4A in Eq. (4).
Clouds and aerosols
Retrievals are performed in clear-sky only. To detect clouds and aerosols for AIRS data, use is made of several threshold tests based on AIRS and AMSU BT, allowing to discriminate low, medium and high clouds and aerosols (Crevoisier et al., 2003; Pierangelo et al., 2004) . A similar method is applied to IASI and AMSU observations. Although efficient, the detection tests might not detect some observations weakly influenced by dust aerosols or by biomass burning aerosols which could particularly impact the retrievals since CO is emitted mostly by fires in the tropics. In the following, we evaluate the difference between BT in clear-sky conditions and BT with aerosols layers located at different altitudes simulated by 4A coupled to the DISORT model (Stamnes et al., 1988) (Hess et al., 1998) , and the infrared AOD is set to 0.05 at 10 µm. For the dust aerosol (or mineral transported aerosols, MITR), the AOD is set to 0.2. The results are shown in Tables 4 and 5 . The AIRS and IASI channels used to retrieve CO show a weak sensitivity to aerosols, especially to biomass burning aerosols. For both instruments, the maximum perturbation induced by smoke aerosols on BT reaches about 0.17 K, which is in the order of the 10 % CO signal for AIRS channels and smaller than the one for IASI channels. For dust aerosols the effect is more important, reaching about 0.80 K near 7 km altitude. However, the aerosols effect is cancelled by taking the difference between the two channels of each selected couple, since both channels of each couple have a similar sensitivity to the aerosols. Applying Eq. (5) to these simulated perturbations of BT, the impact of aerosols on the retrieved CO content is assessed. For smoke, it is less than 0.14 ppbv for AIRS, and less than 0.09 ppbv for IASI, which is negligible in both cases. The effect of dust aerosols is more important, but still very weak: less than 0.81 ppbv for AIRS, and less than 0.46 ppbv for IASI.
Weighting functions
Our retrieval method gives access to an integrated content of CO in the low-to-mid troposphere. In order to derive a theoretical weighting function of CO, which indicates the vertical sensitivity of the retrieval to a variation of CO, the method is first applied to the TIGR database. Both AIRS and IASI weighting functions are plotted in Fig. 3 . As expected, they are very close to the CO Jacobians (Fig. 2) , with a maximum of sensitivity around 450 hPa (∼ 6.5 km), and half a maximum between about 200 hPa (∼ 12 km) and about 750 hPa (∼ 2.5 km). IASI and AIRS are sensitive to the same part of the troposphere, enabling a direct comparison of the CO column retrieved from both instruments.
The effect of the thermal contrast on the weighting functions is also shown in Fig. 3 . The higher the thermal contrast, the higher the sensitivity to CO near the surface, and the lower the sensitivity in the mid troposphere. Compared to the weighting function with no thermal contrast, the maximum of the weighting function is lower by about 50 hPa (∼ 0.8 km) for the +10 K thermal contrast and higher by about 50 hPa (∼ 0.8 km) for the −10 K case. Taking the difference of BT between two channels of a selected couple allows cancelling the effect of T s on them. However, there is still a dependency on T s via its effect on the sensitivity to CO of a given channel.
Results
The method is now applied to observations made by AIRS and IASI for the period July 2007-June 2011, over (30 • S, 30 • N), over land and over sea, by day and by night.
Assessing the precision of the method
The precision of the retrievals is evaluated by applying random variations to the input variables and then by computing the effects of such variations on the retrieved CO mixing ratio. For each situation (i.e., for each 0. a normal distribution with a 0 mean and standard deviations of 3 K, 2 K, 10 % and 2 %, respectively. Resulting induced variations of CO mixing ratios are computed for January and July 2008, for a random selection of 1 % of all situations over southern Africa. For both AIRS and IASI, the differences between the "modified CO" and the "reference CO" are on average less than 0.10 ppbv, with standard deviations of about 2.50 ppbv. The contribution of each variable to the total standard deviation is summarised in Table 6. For IASI, the major influence on the CO retrievals comes from the temperature profile, with standard deviations of 1.64 and 2.00 ppbv for January and July, respectively. The difference of the BT in each couple increases with T (as expected from Table 2 ). For AIRS, the influence of the temperature is lower than for IASI: the standard deviations are about 1.2 ppbv. This is explained by the fact that the variations of AIRS BT for each couple are of opposite signs and, thus, compensate one another (see Table 1 ). Moreover, for the region studied here, reanalyses are closer to AIRS passing than to IASI.
The results obtained when varying T s highlights the strength of our differential method. Although the channels sensitivities to T s are very important, its effect cancels out when making the BT difference: for IASI, the standard deviations are less than 0.9 ppbv. For AIRS, the contribution of T s Atmos. Meas. Tech., 5, 2413-2429, 2012 www.atmos-meas-tech.net/5/2413/2012/ is bigger and the standard deviations can reach 2 ppbv. This comes from the bigger sensitivity to T s of the AIRS couples (see Table 1 ). The influence of N 2 O is more important for IASI than for AIRS, due to a lower sensitivity to N 2 O of AIRS couples. The differences between the "modified CO" and the "reference CO" are on average quasi null with standard deviations of about 1.3 ppbv for IASI and about 0.3 ppbv for AIRS. N 2 O slightly perturbs the BT of IASI channels and, as shown in Table 2 , the difference of sensitivities to N 2 O has the same sign for each couple. Thus, there is no compensation of the N 2 O effect on CO between the three couples, which could induce a small systematic bias.
Last, the influence of water vapour on the CO retrievals is very weak for IASI, with quasi null average differences and standard deviations of less than 0.6 ppbv. The influence of water vapour on AIRS CO retrievals is more important. The average differences are almost null, but standard deviations can reach 1.6 ppbv. The difference of sensitivities to H 2 O has the same sign for each AIRS couple, so here there is no compensation between the couples.
Comparison with CARIBIC
AIRS and IASI CO retrievals are compared to CARIBIC CO measurements (Brenninkmeijer et al., 2007; Scharffe et al., 2012) . While analysing the results of this comparison, one has to keep in mind that CARIBIC measures CO at a given altitude in the range 9-12 km, whereas an integrated content of tropospheric CO is retrieved from AIRS and IASI (see December 2010, which are transition months between the fire seasons in the Southern Hemisphere (SH) and in the Northern Hemisphere (NH). A good agreement is seen between CARIBIC measurements and AIRS and IASI CO for all latitudes: low values are found for higher latitudes with CO increasing progressively while getting closer to the equator; a good agreement is also seen over the Saharian desert, which is a region characterised by a strong variability in emissivity. The same patterns are found with CARIBIC, AIRS and IASI: (i) in October, values above 110 ppbv are only found in SH, near 10 • S, by CARIBIC, AIRS and IASI; (ii) in November, such values are found both in NH and SH, but with still higher values in SH; (iii) in December, they are mostly concentrated near the equator. For flight 321 (12 December 2010) CARIBIC measured very high values between 5 • S and 5 • N, reaching sometimes more than 200 ppbv, that are not seen by AIRS or IASI. This can be explained by the lack of CO retrievals near the equator due to the presence of clouds, and also by the fact that there is a time shift between the flights and the satellites passings which matters particularly near such time-dependant sources as fires. For flight 321, the aircraft passed about 3.5 h before and 8 h after the nearest two IASI orbits, and about 8 h before and 4 h after the nearest AIRS ones.
Over the Atlantic Ocean ( (Fig. 4f) for flight 210 (24 October 2007), two mountainous regions, the evolution of CO along the flights is also quite well reproduced. Over China, one AIRS orbit exhibits particularly high CO values, reaching 140 ppbv, that are not seen by CARIBIC; the time lags between the sounder and the flight, that matter particularly in such a polluted area, might explain this discrepancy.
More quantitatively, agreement between AIRS/IASI CO and CARIBIC CO is assessed by colocating in time and space CARIBIC and AIRS/IASI CO. For this, CARIBIC CO data are averaged over 1 • along the flight track and colocalised with 1 • × 1 • average AIRS and IASI retrievals. For the comparisons, only aircraft measurements higher than 5 km altitude, to be far enough from the sources and close to the altitude seen by the sounders are selected. We have checked that above 5 km, there is no correlation between the altitude of the aircraft and the difference between the aircraft and the sounders measurements; so, in order to have better statistics, only CARIBIC data that are in the range 5-12 km are kept. Additionally, time gap between the aircraft and AIRS or IASI have to be less than five hours, and at least 5 AIRS or IASI FOVs 5 are required in each grid cell. the associated regression lines. The corresponding linear correlation coefficients (r) are given in Table 7 , together with the biases, standard deviations and average relative differences between CARIBIC CO and the retrieved CO. The relative difference is defined as followed (e.g., Pommier et al., 2010) :
The difference between CARIBIC and AIRS is on average 6.1 ppbv, with a standard deviation of 18.4 ppbv and a relative difference of 4.9 %. The correlation coefficient is 0.71. The agreement between CARIBIC and IASI is better, with a difference of 3.6 ppbv and a standard deviation of 13.0 ppbv. The relative difference is also smaller, reaching 3.4 %, and the correlation coefficient is higher (0.77). Some differences are found between each season. For MarchApril-May (MAM), the standard deviation is higher than 20 ppbv for AIRS and IASI but the relative error is lower than the one for most of the other seasons, due to the high CO background. Indeed, differences above 40 ppbv are found over Africa and China where CARIBIC saw several extreme events that were not seen by AIRS and IASI. This is also the case in December-January-February (DJF). Especially over Southeast China such events are frequently encountered by the CARIBIC aircraft (Lai et al., 2011) . In June-July-August (JJA), a smaller standard deviation is found corresponding to a higher relative error, due to low CO and an absence of strong emissions. The better agreement between CARIBIC and IASI can be attributed to the better suitability of IASI to retrieve CO, stemming from its spectral characteristics (see Sect. 3.1).
Atmos
AIRS and IASI retrievals
Maps of monthly means of AIRS and IASI retrieved columns of CO are plotted in Fig. 6 for January, April, July and October 2008. White areas denote lack of observations due to persistent cloudiness. Some areas seen by IASI are not seen by AIRS due to a too restrictive cloud detection scheme used for AIRS. The maps show a very good agreement between AIRS and IASI in terms of oceanic background values and spatial distribution over land. The extreme concentrations of CO located in northern Africa in January and April and in southern Africa in July and October are a consequence of strong biomass fires occurring there during the dry seasons. High concentrations west of these burning areas in the Atlantic and also South-East in October over the Indian Ocean highlight the transport pathways of fire emissions (Guan et al., 2008) . Fire emissions are also seen over South America, with a small signal in the North in April and a much bigger one in Amazonia in October, with transported emissions over the Atlantic (Freitas et al., 2006) . In Asia, high CO values are found in India and South-East Asia with fire emissions spreading in the Indian Ocean in January; in April, emissions are stronger in China and are transported over the Pacific Ocean. In July and October, relatively high CO values are still located over China, due to persistent pollution. Independently of these extreme values, there is a sharp south-north gradient of CO in January and April, explained by strongest continuous pollution sources located in the Northern Hemisphere and the seasonality of the OH sink (Holloway et al., 2000) .
The evolution of tropospheric CO over land from July 2007 to June 2011 is seen in Fig. 7 for the tropical regions. AIRS and IASI display the same evolution of CO during this period in terms of seasonality, seasonal amplitudes and year-to-year variability. The average difference between AIRS and IASI, computed over colocated daily means over the whole period, is 0.5 ppbv, with standard deviation of 3.5 ppbv. It is expected that a part of the discrepancy between AIRS and IASI comes from the different time passings of the instruments. CO is higher during winter, reaching a maximum at the end of the dry season, in March or April in NH, and in October in SH. The background level of CO is higher in the North, whereas the amplitude of the seasonal cycle is higher in the southern tropics due to stronger fire emissions. NH than in SH, where an increase in maximum CO values occurred in 2010, following a decrease after 2007 (see below). Figure 7 also shows the evolution of the GFEDv3 CO fire emissions (van der Werf et al., 2010) and the MODIS Burned Area (BA) (Roy et al., 2008) for the same period and the same area. In NH, the maximum of the BA and the emissions happens in December, with a secondary peak in March, whereas a little increase in CO is seen in December or January, and the maximum reached in March or April. In SH, fires are active between May and November, reaching a maximum of activity around August; according to AIRS and IASI, the maximum of CO in the troposphere is reached two months later.
The good match between these two fire products and CO concentrations confirms that the evolution of tropospheric CO in the tropics is mostly driven by fire activity (Duncan and Logan, 2008) . The excess of CO in the troposphere seen by AIRS and IASI has the same duration as the fire season, but with a shift of about two months in the Southern Hemisphere. This has already been observed for southern Africa (Edwards et al., 2006; van der Werf et al., 2006; Roberts et al., 2009) , where it might be explained by the predominance of woodland burning at the end of the dry season. Moreover, CO is emitted mostly in the smoldering phase of the combustion (Lobert and Warnatz, 1993) , which implies conditions of higher moisture and lower temperature found at the end of the dry season. In the Northern Hemisphere, the shift is of about four months. The influence of biomass burning is less important than in the South, because of weaker fire emissions and the influence of pollution from higher latitudes. Figure 8 shows the evolution of CO and fire activity, respectively, for five tropical areas where strong biomass burning takes place every year. In South America (Fig. 8a and b ) the excess of CO is observed between August and November; according to the two fire products, the fire season occurs between June and October. A secondary CO peak is seen between February and April, caused by the smaller fire activity in January in the northern part of the area. South America has experienced a strong year-to-year variability in terms of CO, that can be explained by the variability in fires, in relation with climate conditions. Figure 9 displays the Southern Oscillation Index (SOI), the Multivariate ENSO Index and the Atlantic Multidecadal Oscillation (AMO). The decrease in maximum CO values from 2007 to 2009 is in good agreement with the decreasing activity of fires during the same period, which was characterised by average climate conditions, as seen in Fig. 9 . On the contrary, in 2010, the very high AMO coupled to the remaining El Niño conditions in the beginning of 2010 (Fig. 9) induced a severe drought in Amazonia (Lewis et al., 2011) , which explains the increase in fire activity and, subsequently, the increase in CO concentrations.
In North Africa ( Fig. 8c and d) , CO is higher between November and May while the fire season occurs between October and February. The excess of CO is still important until August, which might be caused by the transport of fire emissions from southern Africa. The seasonality of CO in South Africa (Fig. 8e and f) can be more directly related to fire activity. The excess of CO is observed between July and December, with remaining high values between January and March, revealing the impact of transported emissions from northern Africa fire emissions. As observed in South America, there is a sharp increase in maximum CO values in 2010 compared to previous years, which can be explained by the increase in the burned area observed this year in relation with ENSO (Fig. 9) .
In South-East Asia ( Fig. 8g and h ), CO displays two maxima per year, the first one between March and May, the other one around October-November. The minimum in this region occurs around July-August. GFEDv3 shows two peaks in the emissions in 2009, in March and September, which can explain the evolution of CO this year. However, the high fire activity seen in March 2010 with the two fire products does not seem to have entailed a significant change in CO evolution. The discrepancies between the BA and GFEDv3 suggest that fires behaviour is somehow difficult to assess in this area.
Finally, in Australia (Fig. 8i and j) , excess of CO occurs between August and December, with a maximum in October, which matches quite well fire activity. The increase in CO begins in May, which is again consistent with fire activity. As well as for South America and South Africa, there is a decrease in maximum CO values after 2007 and an increase of the maximum in October 2010. However, for Australia, this interannual variability does not seem to be directly supported by the variability of fires. Figure 10 shows the monthly evolution of IASI CO for 12 latitudinal bands of 5 • each, over the Western Pacific between Australia and Japan, an area where aircraft measurements of CO were routinely performed between 1993 and 2001 (Matsueda et al., 1999) . Matsueda et al. (2002) have shown that CO seasonality in this region was dependent on Indonesian fires and closely related to the ENSO events. Figure 10 shows the latitudinal variations of CO, and can be directly compared to Fig. 1 of Matsueda et al. (2002) . A very good agreement in the seasonality is seen at all latitudes when comparing both figures. The highest seasonal amplitude of CO is found near 25 • North and South, but the background level is higher in the North, reaching 80 ppbv for (25 • N, 30 • N) whereas it is about 50 ppbv for (30 • S, 25 • S). In the Northern Hemisphere, CO is maximum in April while it is minimum in the South; the maximum in the South occurs in October-November while it reaches a minimum in the North. Figure 10 also shows an increase in maximum CO values in 2010, at the beginning of the year in NH. Early 2010 shows El Niño conditions that may have caused the large increase in fire emissions seen from GFEDv3 in Fig. 8h . There is also an increase at the end of the year in SH although MODIS BA and GFEDv3 do not report significant increase in fire activity.
Conclusions
Four years (July 2007-June 2011) of tropospheric CO columns have been retrieved from AIRS and IASI observations in the tropics (30 • S, 30 • N). The retrieval method is based on a double differential approach: differences between channels which have the same sensitivities to every atmospheric and surface variable but CO; differences between observations and simulations, using the 4A radiative transfer model and the ECMWF reanalyses. The sensitivity to surface temperature (T s ) cancels out when taking the BT differences which limits its influence on the retrieved CO signal; however, T s still influences the part of the atmosphere seen by the sounders. The sensitivity to CO along the vertical depends on the thermal contrast (i.e., the difference between the surface temperature and the temperature of the first pressure level): the higher the thermal contrast the higher the sensitivity to CO near the surface. Weighting functions associated to the mid-troposphere integrated content of CO retrieved from IR channels display a maximum of sensitivity around 450 hPa (∼ 6.5 km), with half the maximum between 200 hPa (∼ 12 km) and 750 hPa (∼ 2.5 km). The effects of aerosols have also been assessed on CO retrieval using simulations based on the 4A/DISORT model. For both smoke and dust aerosols, their impact almost cancels out when taking the BT differences, the resulting effect on the CO retrievals being for less than 1 ppbv. The retrieval process has been shown to be weakly sensitive to the atmospheric and surface input data, with an associate bias in CO less than 0.10 ppbv and a standard deviation less than 3 ppbv.
AIRS and IASI retrievals have been compared to CARIBIC aircraft measurements. Relative differences are found to be 4.9 % and 3.4 % for AIRS and IASI, respectively, with coefficients of correlation of 0.71 and 0.77. The better agreement between CARIBIC and IASI comes from its better spectral resolution, which helps discriminating CO from other signals, and the coverage of the full CO absorption band (which yields channels characterised by stronger sensitivity to CO). The twice lower noise of AIRS compared to IASI does not compensate for this difference in terms of spectral resolution (1.8 vs. 0.5 cm −1 ). This indicates that an improvement of both spectral and radiometric characteristics should be a priority for future instruments. Further comparisons with other CO retrievals from TIR sounders will be performed in the future. As stressed for example by George et al. (2009) , these comparisons require to take into account the differences between the retrievals in the a priori and the vertical sensitivities, which would constitute a study on its own. AIRS and IASI CO show a very good agreement in terms of seasonality, seasonal amplitudes, interannual variability and spatial distribution, as well as in terms of absolute value. The average difference between both instruments over the 4 yr period is 0.5 ppbv, with standard deviation of 3.5 ppbv. The CO evolution in the tropics is mostly driven by fire emissions. In the northern tropics, where the background level of CO is higher than in the southern tropics, there have not been any important internannual variations in CO because no major changes took place over the 4 yr period studied here. On the contrary, the southern tropics, where stronger fire events take place, display a strong interannual variability, with a sharp decrease after 2007 followed by a large increase in 2010 in relation with El Niño conditions in early 2010 and the exceptionally high AMO throughout 2010.
Using both AIRS and IASI, whose Equator crossing-times are, respectively, 01:30 and 09:30 a.m./p.m. LT, gives access to four CO retrievals a day highlighting the great possibility of studying the diurnal cycle of CO from infrared sounders onboard polar satellites. Moreover, infrared sounders also enable to retrieve several gases emitted by fires, either CO 2 or reactive trace species (Crevoisier et al., 2009; Coheur et al., 2009) , giving the opportunity to study the correlations between all these gases from a single instrument. This possibility will be assured in the future with observations from the 
